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ABSTRACT
Multichannel microphone array designs often use the localisation curves that have been derived for 2-0
stereophony. Previous studies showed that side and rear perception of phantom image locations require
somewhat different curves. This paper describes an experiment conducted to evaluate localisation curves
using an octagonal loudspeaker setup. Interchannel level differences were produced between the loudspeaker
pairs forming each of the segments of the loudspeaker array, one at a time, and subjects were asked to
evaluate the perceived sound event’s direction and its locatedness. The results showed that the localisation
curves derived for 2-0 stereophony are not directly applicable, and that different localisation curves are
required for each loudspeaker pair.
1. BACKGROUND
A number of studies have shown that localisation
to the side and rear of a listener in a system with
only two rear loudspeakers - such as quadraphonic
(denoted in this paper as 2-2) or ITU-R BSS.775-1
[1], more generally known as the 5.1 surround sound
(3-2) - is problematic. Theile found that the locali-
sation and locatedness to the side and to the rear of
the listener on a 2-2 system are poor [2]. In addition,
others have found that localisation to the side in a
3-2 system is poor, e.g. [3] and [4]. If the intention
is to enable audio recordings to reproduce source
signals around the full 360 ◦ horizontal plane, while
still based on the summing localisation principles, a
different loudspeaker array is therefore required.
Full 360 ◦ reproduction in the horizontal plane re-
quires a homogeneous system which has better lo-
calisation capabilities to the side and to the rear of
the listener in comparison to the 3-2 system. Hence,
the angle between the different pairs of loudspeakers
had to be same for the whole system, in order for it
to be homogeneous, and to offer similar localisation
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Figure 1: The octagon loudspeaker setup used in
the experiment
capabilities independently of the intended source di-
rection. As the system had to remain simple, and
for technical reasons have at most eight loudspeak-
ers, an octagon configuration was chosen, see Fig.
1. An experiment was conducted that demonstrated
that this system provides relatively good localisation
and more even locatedness around the 360 ◦ of the
horizontal plane, compared to a 3-2 system [5].
In order to develop microphone techniques for this
array, it is useful to use appropriate localisation
curves. These can be used to aid in the design of
arrays by predicting the perceived location of source
signals based on analysis of the relative level differ-
ences between microphones.
Multichannel microphone array design is often based
on frontal stereophonic (stereo) localisation curves,
such as those presented by Williams [6], Wittek
[7] and Lee [8]. The majority of these localisation
curves have been created through subjective exper-
imentation using stimuli reproduced over a conven-
tional 2-channel (2-0) stereo configuration (in which
a pair of loudspeakers are positioned on the hori-
zontal plane, symmetrically one either side of the
median plane). These have often then been applied
to developing surround sound multichannel micro-
phone arrays where the loudspeakers are positioned
around the listener. In some cases, the localisation
curves have been adapted for the new loudspeaker
configuration, in others they have been applied di-
rectly.
Williams [9] applies the 2-0 localisation curves to
all the segments of his microphone arrays, indepen-
dently of the angle between the loudspeakers and the
position of the loudspeaker segments in relation to
the listener. His hypothesis is that the localisation
curves remain constant for all the segments of a 3-2
system.
Theile [10], adapted the 2-0 localisation curves for
the front three channels of a 3-2 system by assum-
ing that they are applicable as long as the phantom
source position is not expressed in terms of angle
in degrees but in terms of angle shift in percentage.
For a given microphone and source signal configura-
tion, if the recorded source signal is perceived at 10 ◦
off-center right on a ± 30 ◦ loudspeaker setup (i.e.
two-thirds of the way across from one loudspeaker
to the other), it will be perceived at 20 ◦ (again two-
thirds) on a 0 ◦ - 30 ◦ off-center right loudspeaker
setup. Theile does not apply these curves to the use
of the two rear channels, as he considers that these
should only be used for surround effect.
In addition, Theile showed that the localisation
curves between a pair of loudspeakers was depen-
dant on the angle shift of the whole system [2]. In
other words, the localisation curve resulting from
a pair of loudspeakers in the horizontal plane posi-
tioned symmetrically around the median plane was
different to that of a pair of loudspeakers rotated
around the listener so that the subtended angle is
the same but one loudspeaker is towards the front
and the other towards the rear. However, studies to
determine localisation curves have only been under-
taken on a small subset of possible loudspeaker ar-
rangements, particularly when considering positions
to the side and to the rear of the listener; some ex-
amples include Thiele and Plenge 1977 [2], Martin
et al. 1999 [3] and Kim et al. 2008 [4].
Based on this research, it is apparent that localisa-
tion curves need to be determined for the 8-channel
system as a tool to ease development of appropriate
microphone arrays. In view of this, an experiment
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was conducted to determine the localisation curves
for each segment (i.e. each pairing of adjacent loud-
speakers). Depending on the directivity of the mi-
crophones selected and their spacing (if any), both
interchannel level differences (ICLDs) and interchan-
nel time differences (ICTDs) could result. Initially,
an experiment was conducted to derive the local-
isation curves for ICLDs. A future experiment is
planned that will also address ICTDs.
2. EXPERIMENTAL DESIGN
2.1. Selection of experimental conditions
In order to create localisation curves for each of the
segments in the loudspeaker array, stimuli with a
range of interchannel level differences (ICLDs) were
required. The same set of ICLDs was used for all of
the loudspeaker segments, to allow for equal cover-
age of the full 360 ◦ of azimuth, and to allow com-
parison between the segments.
The range of ICLDs were chosen based on previous
research into perception of two-channel loudspeaker
reproduction. According to Blauert [14], an ICLD
of between 12 and 18 dB leads to a phantom source
fully lateralised. The ICLDs were therefore varied
across this range in equal steps, sampling the range
at intervals that were a compromise between resolu-
tion and practicality. ICLD varied therefore between
-18 and +18 dB, in steps of 4.5 dB.
This resulted in 9 ICLDs for use in the experiment.
Each of these ICLDs was used for each of the 8 seg-
ments of the loudspeaker array, meaning that there
were 72 conditions in total. The source signals used
in the experiment were chosen to contain a range of
temporal and spectral characteristics; they were fe-
male speech, cello, bongos and pink noise. All of the
source signals were anechoic stimuli. This resulted
in 288 stimuli to rate in the experiment.
In order to limit the number of stimuli each listener
would have to rate, it was decided that each listener
would rate only half of the 288 possible stimuli. It
was expected that the results would be symmetri-
cal about the median plane. Hence, the listeners
rated all of the source signals, and all of the ICLD
conditions, but for only half of the loudspeaker seg-
ments (i.e. only one side of the loudspeaker array).
However, using only one side per listener might have
introduced bias through repetition. Therefore, the
side on which the stimuli were presented was ran-
domised for each listener, with the stimulus presen-
tation arranged across pairs of listeners so that all
the conditions were rated an equal number of times
and comparisons could be made between the two
sides to verify the assumption of symmetry in the
results.
2.2. Choice of perceptual attributes
The principal purpose of the experiment was to cre-
ate localisation curves for use in designing micro-
phone arrays. Therefore, the listeners were asked
to judge the localisation of the stimuli by indicat-
ing the perceived position of each stimulus. Angles
were indicated every fifteen degrees around the lis-
teners to help determine the direction of each stim-
ulus. A user interface was provided that displayed
the curtains, the listener’s head and the same angles
as those indicated on the curtains. The perceived
direction of each stimulus could then be indicated
by the listener by clicking on the user interface us-
ing a mouse, which displayed a pointer oriented in
the chosen direction.
In addition to the judgements of the stimulus loca-
tion, the listeners were asked to rate the locatedness
of the sound. Blauert [14] defined locatedness ”in
terms of its position and extent, as evaluated in com-
parison with the position and extent of other objects
of perception, which might be other auditory events
or the objects of other senses - in particular, visual
objects”. Wittek [15] cited Blauert’s definition and
added Lund’s definition, which is ”the certainty of
a source’s localisation”. For the experiment report
here, the latter definition was used, i.e. ”the cer-
tainty of a phantom source’s position”.
The listeners rated the locatedness on a scale of
0 to 127, with the slider labelled at both extreme
points and at every quarter of the slider: “I am ab-
solutely certain of the phantom source’s position”, “I
have a slight doubt about the phantom source’s po-
sition”, “I have doubts about the phantom source’s
position”, “I am really not sure about the phantom
source’s position” and “I have no idea of the phan-
tom source’s position”. Fig. 2 shows the scale used
and how it relates to the locatedness values
2.3. Equipment and acoustic conditions
The experiment was conducted in a listening room
that meets the acoustic specifications of ITU-R
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I have a slight doubt
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I am really not sure
I have no idea
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Locatedness scale
Figure 2: Locatedness scale
BS.1116 [16]. The listeners sat in a chair in
the middle of the array and wore a head tracker.
The loudspeakers were Genelec 8020As, and these
were placed on stands at approximately ear height
(1.35m). In order to reduce the influence of visual
cues, the loudspeakers were hidden behind an acous-
tically transparent curtain. The stimuli were repro-
duced using a computer running MaxMSP, which
displayed the user interface and rating scales. The
software randomised the order of presentation of the
stimuli to reduce order effects. The stimuli were
looped so that the listeners could take as long as they
needed to make a judgement. For each stimulus, the
listeners first were asked to indicate the location of
the stimulus, and then were asked to rate the locat-
edness. Once this was done the software moved on
to the next stimulus.
The experiment was intended to allow derivation of
the localisaton curves for the adjacent loudspeaker
pairs all around the listener. If the listener had been
free to move their head, then this would have af-
fected the results (e.g. the listener may end up fac-
ing the active system segment each time, meaning
that each segment would be in front when consid-
ered from the listener’s point of view). On the other
hand, it was considered that physically restraining
the listener’s head would have made judgement of
the stimulus location more difficult, as it is difficult
to quantify an unseen position. Therefore, a system
was introduced that allowed the listeners to move
their head, but only reproduced the stimuli when
they were facing forwards. To enable this, the lis-
teners wore a head tracker. If they moved their head
by more than five degrees to any side from directly
in front, the sound would stop (using a 30ms fade
to remove distracting clicks). This enabled them to
move their head to check the angles written on the
curtain without being influenced by the perception
of the sound event when not facing forward.
3. PILOT EXPERIMENT
Initially, a pilot experiment was conducted to test
the experiment method and to select listeners. For
this, a subset of the experiment stimuli was used,
employing the method and setup described above.
19 listeners took part in the pilot experiment, and
they rated 32 stimuli twice.
The listener performance was judged by examining
the intra-listener consistency: analysing the consis-
tency of each listener across all the stimuli of this
experiment. For each listener, a univariate analy-
sis of variance (ANOVA) was carried out, where the
ICLD, segment and source signal were entered as the
independent variables, and either the location or lo-
catedness were entered as the dependent variables.
The consistency of each listener can then be judged
from the mean square error term in the ANOVA re-
sults [17]. For each listener, the square root was
taken of each mean square error term (so the num-
bers are comparable to the original scale), and then
scaled to be a percentage of the whole scale. Fig. 3
shows the results of this analysis.
This analysis showed that 5 listeners had a much
higher error than the others. These listeners were
therefore not selected for the main experiment. In
addition, it was apparent that Listener 5 did not un-
derstand the instructions properly and misused the
interface, and hence was not selected for the follow-
ing experiment. A threshold of acceptability was set
at 15%, which resulted in the selection of 10 listeners
for the main experiment.
It was also checked that each listener had to evalu-
ate the correct amount of stimuli on each segment
and that the randomisation operated correctly: each
listener evaluated half of the 32 stimuli on one side
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Figure 3: Scaled RMS error for each listener, com-
puted on their evaluations of the perceived angle.
The threshold for selection was set at 15%, which
resulted in 10 listeners for the main experiment.
of the configuration and the other half on the other
side of the configuration. Each listener but one was
paired - without knowing it - to another listener
as explained above, and the pairing did work as
intended, as the side on which each stimulus was
played to a listener was the opposite to the side on
which it was played to the paired listener.
A one-way ANOVA was carried out to check the
symmetry assumption: the folded-back perceived
angle and locatedness were selected as dependant
variables and the side on which the stimuli were
played was selected as the factor. Significance of
the ANOVA for the folded-back perceived angle and
for locatedness were respectively 0.088 and 0.003.
As 0.088 is above 0.05 and as 0.003 is below, this
means that the side on which the stimuli were played
was not a significant factor for the perception of
the phantom source’s direction, but that it was a
significant factor for the phantom source’s located-
ness. However, the ANOVA had to be performed
on subjects who did not correspond to the consis-
tency threshold that was set, for pairing reasons.
The ANOVA also showed that the side on which the
stimuli were played to each listener was not always
the same for the repetitions of conditions, meaning
that a different number of cases were measured on
each side. This was corrected for the main experi-
ment.
It was also checked that ICLD was perceived as ex-
pected - that is, a positive ICLD lead to a move-
ment of the phantom source towards the loudest
loudspeaker, and that the phantom source was al-
ways between the loudspeakers that emitted sound
or close to them.
Hence, it was found that the experimental method
produced usable results, and the most consistent lis-
teners were selected for the main experiment.
4. MAIN EXPERIMENT
The main experiment (using only the listeners se-
lected in the pilot experiment), consisted of a large
number of stimuli for each listener to rate. In or-
der to avoid tiredness, each listener took part, on
different days, in 4 sessions, each session contain-
ing one familiarisation session and two sub-sessions.
Listeners were allowed to have a break between each
sub-session. The experiment employed the method
and setup described above, identical to the pilot ex-
periment. All 10 selected listeners took part in the
experiment. A subset of 112 stimuli were rated twice
to evaluate the listeners’ consistency. The remainder
were rated once by each listener.
4.1. Analysis
The localisation data resulting from the experiment
were judgements of the perceived azimuth as an an-
gle on a scale of 0 ◦ to 360 ◦. In order to avoid scale
discontinuities and to convert the data onto a single
hemisphere (based on the assumption of left/right
symmetry discussed above), translation was needed.
Data was translated to a -180 ◦ to +180 ◦ scale. The
localisation data that corresponded to stimuli played
on the left hand side of the configuration were then
mapped onto the opposite hemisphere to represent
the symmetry of the configuration. Finally, per-
ceived angles between -180 ◦ and -90 ◦ were trans-
lated to angles between +180 ◦ and +270 ◦ to avoid
scale discontinuities from causing errors during the
statistical analysis (e.g. the mean of +179 ◦ and -
179 ◦ is 0 ◦ whereas the intended direction is likely
to be 180 ◦.
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Analysis was made of the intra-listener consistency
using the same technique as shown above, and it was
found that for the location judgements, the scaled
RMS error was lower than during the pilot experi-
ment (i.e. the listeners’ judgements were more con-
sistent in the main experiment). For locatedness,
it was found that two listeners had a higher scaled
RMS error than the others (16.6% and 18%). How-
ever, removing these data did not improve the re-
sults of the analysis, and hence they were kept for
the results reported below.
In order to check that the data met the assump-
tions of parametric statistical analysis methods, a
Kolmogorov-Smirnov test was carried out for every
condition of the experiment. It showed that the vast
majority of the cases were normally distributed (76%
of the localisation judgements and 89% of the locat-
edness judgements). This means that in general the
results are suitable for parametric statistical analy-
sis (such as ANOVA), but that non-parametric tests
should be considered in order to confirm results.
A first one-way ANOVA was carried out to check the
symmetry assumption: the folded-back perceived
angle and locatedness were selected as dependant
variables and the side on which the stimuli were
played was selected as the factor. Significance of
the ANOVA for the folded-back perceived angle and
for locatedness were respectively 0.817 and 0.420,
both above 0.05. This means that the side on which
the stimuli were played is not a significant factor.
Hence, the assumption of symmetry was verified.
A repeated-measures ANOVA was carried out on
the data to evaluate the effect of the source sig-
nal (denoted later as Source), loudspeaker segment
(Segment) and ICLD value (ICLD) on the perceived
angle and on the locatedness. Mauchly’s test per-
formed for the perceived angle and for locatedness
showed that the assumption of sphericity was ver-
ified for the perceived angle (ICLD sig. = 0.251,
Segment sig. = 0.951, and Source sig. = 0.191) but
not for locatedness (ICLD sig. = 0.003, Segment sig.
= 0.000, and Source sig. = 0.003). Additionally,
Greenhouse-Geisser’s factor  was low in the three
cases for locatedness (ICLD  = 0.336, Segment  =
0.458, and Source  = 0.508, with lower bounds vary-
ing between 0.125 for the ICLD and 0.333 for both
the segment and source dependances). As for the
interactions, Mauchly’s test indicated statistical sig-
nificance only for the Segment*Source interaction,
the test being non significant (i.e. the data being
spherical) for both the perceived angle and the lo-
catedness.
In other words, the ANOVA results that should
be analysed for localisation are the ’sphericity as-
sumed’ results, whereas locatedness should be anal-
ysed through the ’Huynh-Feldt’ corrected results
[18].
In the case of perceived angle, see table 1, the
repeated-measures ANOVA test found ICLD, Seg-
ment, Source and the ICLD*Segment interaction
as being statistically significant parameters (respec-
tively sig. = 0.000 and F = 1162, sig. = 0.000
and F = 20.413, sig. = 0.031 and F = 3.5, and
sig. 0.000 and F = 5.753), meaning that the per-
ceived angle depends mainly on these parameters.
The ICLD*source interaction was also found signifi-
cant (sig. = 0.019). However, its F-ratio was smaller
(1.7), meaning that it should not be necessary to
study this interaction. The other interactions were
found not to be statistically significant. This was
confirmed by the Kruskal-Wallis test performed: it
was found that the segment and ICLD were signif-
icant (sig. = 0.000) factors for the evaluation of
perceived angle but not the source signal (sig. =
0.987). The localisation data not being completely
normally distributed, it should therefore be consid-
ered that the perceived angle might not depend on
the source signal used.
In the case of locatedness, see table 2, the ANOVA
test found that ICLD, segment, source and the
ICLD*segment interaction were significant (sig. =
0.000, 0.000, 0.006 and 0.015 and F-ratio = 16.15,
18.5, 7.5 and 2.14, all using Huynh-Feldt correction,
as Mauchly’s test was significant). This means that
the interaction between ICLD and segment should
be examined, but that an analysis of source depen-
dance does not need to take the other factors into
account.
To summarise, the combined repeated-measures
ANOVA and Kruskal-Wallis results indicated that it
is necessary to examine the changes in localisation
and locatedness results caused by ICLD separately
for each loudspeaker segment, but that the source
signal only caused a statistically significant change
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Tests of Within-Subjects Effects
Measure
Source Type III Sum of Squares df Mean Square F Sig.
ICLD 388688.744 8 48586.093 1162.926 .000
Error(ICLD) 3008.100 72 41.779
segment 11355.649 3 3785.216 20.413 .000
Error(segment) 5006.718 27 185.434
source 241.553 3 80.518 3.439 .031
Error(source) 632.158 27 23.413
ICLD * segment 6947.028 24 289.459 5.753 .000
Error(ICLD*segment) 10868.691 216 50.318
ICLD * source 963.780 24 40.157 1.757 .019
Error(ICLD*source) 4937.751 216 22.860
segment * source 371.706 9 41.301 1.104 .370
Error(segment*source) 3031.426 81 37.425
ICLD * segment * source 2355.626 72 32.717 1.136 .216
Error(ICLD*segment*source) 18662.030 648 28.799
Table 1: Sphericity assumed results of repeated-measure ANOVA conducted on localisation
Tests of Within-Subjects Effects
Measure:
Source Type III Sum of Squares df Mean Square F Sig.
ICLD 21009.600 3.948 5321.836 16.145 .000
Error(ICLD) 11712.035 35.530 329.635
segment 55955.812 1.541 36316.950 18.598 .000
Error(segment) 27077.608 13.867 1952.684
source 11894.414 1.773 6707.592 7.424 .006
Error(source) 14419.382 15.959 903.499
ICLD * segment 6771.429 13.466 502.850 2.136 .015
Error(ICLD*segment) 28534.026 121.195 235.439
ICLD * source 2538.011 10.651 238.284 1.172 .317
Error(ICLD*source) 19487.068 95.861 203.285
segment * source 1193.499 6.446 185.149 1.349 .248
Error(segment*source) 7961.498 58.015 137.231
ICLD * segment * source 7876.726 20.110 391.679 1.253 .216
Error(ICLD*segment*source) 56560.715 180.991 312.505
Table 2: Huynh-Feldt corrected results of repeated-measure ANOVA conducted on locatedness
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Figure 4: Localisation curves for all source signals
between loudspeakers positioned at 0 ◦ and 45 ◦.
in locatedness without any statistically significant
interactions.
The localisation results caused by the changes in
ICLD are shown for each loudspeaker segment in
fig. 4 to fig. 7.
In fig. 4 and 7, it can be seen that changes in ICLD
causes localisation in the segment between the 0 ◦
and 45 ◦ loudspeakers and in the segment between
the 135 ◦ and 180 ◦ loudspeakers to follow a mono-
tonic and relatively smooth trend with values across
the whole segment, although variance on the latter
loudspeaker segment is higher than on the former.
Fig. 5 and 6 show the localisation curves to the
side of the listener. It can be seen that phantom
sources are attracted to the loudspeakers, and that
the source tends to jump from one loudspeaker to the
other, more than on the frontal and rear loudspeaker
segments.
Locatedness was often rated higher than “I have a
slight doubt about the phantom source’s position”.
As expected, rear loudspeaker segments were rated
lower than frontal loudspeaker segments, see fig.
8 and 11. This is possibly due to a cross-modal
phenomena, as listeners cannot see behind them
therefore making position judgements more difficult.
They were allowed to move their head, but the sound
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Figure 5: Localisation curves for all source signals
between loudspeakers positioned at 45 ◦ and 90 ◦.
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Figure 6: Localisation curves for all source signals
between loudspeakers positioned at 90 ◦ and 135 ◦.
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Figure 7: Localisation curves for all source signals
between loudspeakers positioned at 135 ◦ and 180 ◦.
was then faded out until they returned their head to
the forward direction.
Locatedness was also rated lower for noise than for
the other source signals (see fig. 12). Listeners re-
ported hear two different, separated noise compo-
nents for some conditions: one contained low fre-
quencies and the other one contained high frequen-
cies. It is interesting to note that the condition that
led to the lower locatedness on most segments with
most source signals is when the ICLD is zero.
It was hypothesised that locatedness would be highly
correlated to the variance of the perceived angle: the
more uncertain the position of the phantom source,
the more spread the results of the perceived phantom
source direction would be. In other terms, the lower
the locatedness, the higher the localisation variance.
In order to check this assumption, Pearson’s corre-
lation coefficient was measured for the Locatedness
mean versus perceived angle variance. The test was
found highly significant (sig. = 0.000), however the
correlation coefficient was only -0.552, which shows
a weak correlation. Fig. 13 shows that despite the
significance of the test, the scatterplot is widespread.
This might be caused by a combination of most stim-
uli being easily located, and the listeners finding the
locatedness evaluation task more difficult than the
localisation one.
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Figure 8: Locatedness curves for all source signals
between loudspeakers positioned at 0 ◦ and 45 ◦.
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Figure 9: Locatedness curves for all source signals
between loudspeakers positioned at 45 ◦ and 90 ◦.
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Figure 10: Locatedness curves for all source signals
between loudspeakers positioned at 90 ◦ and 135 ◦.
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Figure 11: Locatedness curves for all source signals
between loudspeakers positioned at 135 ◦ and 180 ◦.
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Figure 12: Locatedness for each type of source sig-
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Figure 13: Scatterplot of Perceived angle variance
versus Locatedness mean. The line corresponds to
the linear fit of the curve
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5. DISCUSSION
The results of perceived angle for each segment
were compared to Vector Based Amplitude Panning
(VBAP), a panning algorithm developed by Pulkki
[19]. This algorithm produces results that are de-
pendant on the angle between the loudspeakers but
not on the relative angle of the loudspeaker segment.
Fig. 14 shows the difference between the VBAP al-
gorithm and the results from this experiment. The
data shown for the VBAP algorithm were derived
from Pulkki’s MAX/MSP patch [20]. The patch is
intended to create an ICLD for a given intended an-
gle whereas the opposite procedure is required for
this plot. Hence, approximations were made to cre-
ate this plot which may result in an error of up to
half a dB of the plotted ICLD.
Nevertheless, differences between VBAP and the
measured localisation curves are apparent which are
greater than the potential measurement error. As
can be seen on the figure, the ICLD suggested by
VBAP for a given perceived angle can be up to twice
the ICLD measured. It seems that the main dif-
ferences between VBAP and the measured localisa-
tion curves occur for the negative ICLDs where it
is, except for one exception, never within the 95%
confidence interval of the subjective data from this
experiment. However, it seems that the difference
between VBAP and all the localisation curves mea-
sured is larger than between the localisation curves
themselves.
The results of these experiments were also compared
with Martin et al’s 1999 results [3] measured for two
loudspeakers located at 0 and 30 degrees. In or-
der to compare the results, Martin et al’s results
were scaled to match the subtended angle between
the loudspeakers used in this experiment (based
on Theile’s assumption of scalability [10] discussed
above). For example, an ICLD causing a phantom
source to be perceived at 30 ◦ on Martin et al’s con-
figuration (i.e. in the right hand loudspeaker) is
scaled in these figures to be 45 ◦.
Fig. 15 shows the difference between the perceived
angles Martin et al measured in a case of pure ICLD
and those measured in the current experiment. It
can be seen that Martin et al’s curve and the curve
corresponding to the 0 to 45 ◦ segment have a sim-
ilar trend, although Martin et al’s perceived angles
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Figure 14: Comparison between VBAP’s panning
rules for 45 ◦ spaced loudspeakers and localisation
curves measured during this experiment. Error bars
show the 95% confidence interval.
tend to be closer to the 45 ◦ loudspeaker for the
same values of ICLD as for the curves measured in
this experiment. This might be due to the fact that
they were measured with the lateral loudspeaker at
30 ◦, which might require smaller ICLD to fully pan
sources. However, again the results for other loud-
speaker segments are statistically significantly dif-
ferent to the results of Martin et al.
Finally, the results of this experiment were compared
with the results of Kim et al [4], who determined lo-
calisation curves for amplitude panning between two
loudspeakers located at 30 and 110 degrees. As for
the results above, Kim et al’s results were scaled
to allow comparison with the data from this experi-
ment.
Fig. 16 compares Kim et al’s localisation curve and
those measured in the current experiment. It can
be seen that Kim’s curve has the same tendency as
the 45 to 90 ◦ localisation curve from this experi-
ment. The position of the loudspeakers in Kim et
al’s experiment was more similar to this loudspeaker
segment than to any other of the octagon configu-
ration. However, Kim et al’s experiment did not
evaluate the ICLD necessary to fully pan a source
signal, as it aimed at panning laws and considered
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Figure 15: Comparison between Martin et al’s
ICLD localisation curve between loudspeakers at
30 ◦ and 110 ◦, the perceived angles being scaled to 0
to 45 ◦, and localisation curves measured during this
experiment. Error bars show the 95% confidence in-
terval.
that the phantom source would be fully panned in
one loudspeaker only for a gain of 1.
The curves measured in this experiment were how-
ever not intended primary as a tool for developing
panning rules but as a tool for an 8-channel micro-
phone array design tool. An important factor of mi-
crophone localisation curves is also the interchannel
time differences (ICTD), which were not used during
this experiment. They might offer larger variations
of locatedness, as ICTD has often been considered as
giving poorer localised phantom sources compared
to ICLD [3]. Once the ICTD curves have been de-
rived, two-dimensional localisation curves could then
be drawn for each loudspeaker, and if necessary, for
each source signal.
6. CONCLUSION
This experiment measured localisation and located-
ness curves on an octagon array of loudspeakers. It
was found that the perception of phantom source’s
direction and locatedness is symmetrical on this con-
figuration. Contrary to previous assumptions, it was
found that localisation curves vary depending on
−20 −15 −10 −5 0 5 10 15 20
−10
0
10
20
30
40
50
 
 
0 to 45 degrees
45 to 90 degrees
90 to 135 degrees
135 to 180 degrees
Kim et al., 2008
Pe
rc
ei
ve
d 
an
gl
e 
(d
eg
re
es
)
ICLD (dB)
Comparison between Kim et al. and measured perceived angles
in function of ICLD
Figure 16: Comparison between Kim et al’s ICLD
localisation curve between loudspeakers at 30 ◦ and
a 110 ◦, the perceived angles being scaled to 0 to
45 ◦, and localisation curves measured during this
experiment. Error bars show the 95% confidence
interval.
the specific loudspeaker segment, such that locali-
sation curves derived in convention 2-0 stereophony
are not applicable to loudspeaker pairs positioned
to the side. It was also found that the localisation
curves are close to linear on the frontal segments
but not on the side segments. Finally, locatedness
was proved to be dependant of the sound material,
whereas localisation was not.
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